Background {#Sec1}
==========

Osteosarcoma is the most common malignant bone tumor that mainly affects children and adolescents. Because conventional therapies provide limited improvement, a new strategy for its treatment is imperative \[[@CR1]--[@CR3]\]. The advent of gene therapy has prompted researchers to assess its applications in osteosarcoma \[[@CR4]--[@CR6]\]. A safe and effective gene delivery system is critical to gene therapy. Gene delivery systems can be divided into viral gene delivery systems and non-viral gene delivery systems. Viral gene delivery systems have been shown to have high transfection efficiency in a variety of primary cells and cell lines. Viral gene delivery systems are strongly associated with safety issues such as triggering inflammatory responses and gene mutations \[[@CR7]\], prompting researchers to divert their studies to non-viral gene delivery systems. However, most non-viral gene transfection techniques have not been particularly effective in transfecting osteosarcoma cell lines \[[@CR8], [@CR9]\].

Over the last decade, various physical methods such as gene guns \[[@CR10]\], ultrasound \[[@CR11]\], and electroporation \[[@CR12]\] have been efficiently used in improving transfection. However, these physical methods also induce cell damage \[[@CR13]\]. Because magnetic fields generally do not cause cellular damage, the technology of magnetic-assisted transfection has attracted the attention of researchers. Mah et al. introduced magnetic nanoparticles in gene transfection experiments by linking green fluorescent protein (GFP)-carrying recombinant adeno-associated viruses (rAAVs) to magnetic nanoparticles to achieve target-specific enhanced transfection both in vitro and in vivo. Compared with pure adenoviruses, magnetic adenovirus nanoparticles can reduce the dosage of the GFP-carrying rAAVs to 1% under the same transfection rate condition \[[@CR14]\]. Scherer et al. coined the term "magnetofection" to denote magnet-mediated transfection using magnetic particles \[[@CR15]\]. Subsequently, Plank et al. described the technique of magnetic transfection using non-viral vectors \[[@CR16]\]. To further improve the magnetofection efficiency of non-viral vectors, Fouriki et al. adjusted the frequency and amplitude of an oscillating magnetic field to induce a dynamic mechanical stimulatory effect on magnetic nanoparticles, thereby increasing the probability of coming in contact with the target cells \[[@CR17]\]. Oral et al. further improved transfection efficiency and reduced cytotoxicity of gene carriers by reversely rotating the hexagonal shaft of the magnet to control the speed and direction of the magnetic field \[[@CR18]\]. In another study, Vainauska et al. used a dynamic gradient magnetic field that was generated by rotating a cylindrical permanent magnet for targeting delivery of magnetic gene carriers \[[@CR19]\].

The efficiency of magnetofection has significantly improved as magnetic fields have evolved from being static and single to dynamic and sophisticated. However, studies focusing on the uniformity and effective range of the magnetic field are limited. To the best of our knowledge, most magnet devices cannot form uniform magnetic fields in a particular three-dimensional space, thereby resulting in heterogenous distribution of the magnetic nanoparticles, only achieving local transfection effectiveness of the magnetic field, and failing to address resulting cytotoxicities. Non-uniform magnetic field also hinders comparisons of magnetic transfection reagents as well as decrease transfection efficiency.

To resolve these problems, our research group in collaboration with the Electrical Engineering College of Chongqing University has developed a novel magnetic field generator \[[@CR20], [@CR21]\]. The magnetic field generator can form a uniform magnetic field at a certain height, and the added magnetic nanoparticles are rapidly and uniformly distributed at the bottom of the culture plate. The uniform magnetic field is not only convenient for comparative studies on the relationship between dose and transfection efficiency of various transfection reagents, but may also be utilized in assessing cellular uptake of magnetic nanoparticles.

In the present design, we aimed to establish a reliable non-viral gene delivery system with high magnetofection efficiency in osteosarcoma cell lines. The linear Mw20000 polyethylenimine (PEI-20000) was selected for the preparation of magnetic nanoparticles, because several previous studies have confirmed that linear PEI delivery systems have better transfection efficiency than branched PEI delivery systems in vivo \[[@CR22], [@CR23]\]. The properties of polyethylenimine modified superparamagnetic iron oxide nanoparticles (PEI-SPIO-NPs) were evaluated. A novel magnetic field generator was developed to form a uniform magnetic field, which was used to transfect PEI-SPIO-NPs/pDNA complexes into MG-63 osteosarcoma cell lines. The effects of different magnetic fields on the magnetofection were investigated systematically.

Methods {#Sec2}
=======

Materials and Reagents {#Sec3}
----------------------

Superparamagnetic iron oxide nanoparticles (SPIO-NPs), polyethylenimine hydrochloride (PEI), and Hoechst-33,324 were purchased from Sigma-Aldrich Co. (St Louis, MO, USA). PolyMag-200 (commercial magnetofection reagent) was obtained from Beijing Chief-East Tech Co., Ltd. (Qwbio) (Beijing, China). 1-Ethyl-3-\[3-(dimethylamino)propyl\] carbodiimide (EDC) and *N*-hydroxy succinimide (NHS) were purchased from Chengdu Xiya Reagent Co. (Sichuan, China). PolyMag-200 and 96-well cell culturing magnetic plates were purchased from Chemicell GmbH (Berlin, Germany). Dulbecco's modified Eagle's medium (DMEM) and penicillin-streptomycin and fetal bovine serum (FBS) were obtained from Invitrogen-Gibco (CA, USA). Rhodamine B isothiocyanate was obtained from Aladdin Ind., Co. (Shanghai, China). LysoTracker Green DND-26 was obtained from Shanghai Wei Jin Biological Technology Co., Ltd. (Shanghai, China). The CCK-8 test kit was obtained from Seven Seas Biological Technology Co., Ltd. (Shanghai, China), and the Endo-free Plasmid Maxi Kit-25 was purchased from OMEGA (GA, USA). Phosphate-buffered saline (PBS) and other reagents were prepared in our laboratory. All the solvents and chemicals were of analytical grade.

Synthesis of PEI-SPIO-NPs {#Sec4}
-------------------------

PEI-SPIO-NPs were prepared as described previously \[[@CR24]\]. Briefly, 0.1 g EDC and 0.5 g NHS were added to 15 mL carboxyl-modified SPIO-NPs aqueous solution (5 mg/mL, pH adjusted to 5), and the solution was stirred for 4--6 h at room temperature to activate the carboxyl of iron oxide nanoparticles. Next, the same volume of polyethylenimine hydrochloride aqueous solution (20 mg/mL) was added to react for several hours. The resulting conjugated PEI-SPIO-NPs solution was dialyzed using a dialysis membrane (MWCO 20,000) submerged in distilled water for 2 days to remove any unconjugated PEI molecules and intermediates. An aliquot of the nanoparticle solution was freeze-dried and stored.

Synthesis and Characterization of PEI-SPIO-NPs/pDNA Complexes {#Sec5}
-------------------------------------------------------------

The synthesis of PEI-SPIO-NPs was as described above, PEI-SPIO-NPs and plasmid DNA (pDNA) were pre-heated separately for 10 min at 37 °C, and then mixed together at different N/P ratios to prepare the PEI-SPIO-NPs/pDNA complexes. The morphology of the PEI-SPIO-NPs/pDNA complexes was measured by transmission electron microscopy (TEM, CM100, Philips, Netherlands), and the hydrodynamic diameter was measured by dynamic light scattering (DLS, Nicomp 380, PSS, FL, USA). Their magnetic properties of SPION and PEI-SPIO-NPs were examined with an EV-11 vibrating sample magnetometer (PPMS-9, Quantum Design, San Carlos, CA, USA) at 300 K. The measurements were normalized to the weight of iron in each sample, and the measurements were verified through inductively coupled plasma optical emission spectrometer (ICP-OES).

Surface charges were measured by determining the zeta potential using the dynamic light scattering instrument (Malvern, Southborough, MA, USA) in phosphate-buffered saline (PBS, pH = 7.4). The PEI-SPIO-NPs/pDNA complexes were prepared at various N/P mole ratios ranging from 2.5 to 25 by adding the PEI-SPIO-NPs solution to the pDNA solution, and the final pDNA concentration was adjusted to 30 μg/mL.

The components of the PEI-SPIO-NPs/pDNA complexes were detected using an atomic force microscope (IPC-208B, Chongqing University, Chongqing, China). A small, flaky metal that was used as a carrier for observation was washed with acetone and dried. Then, a few drops of the antisense probe sample were placed on the metal and air-dried. The surface morphology of the sample was observed in a large-scale scanning area of 700 nm × 700 nm and 1000 × 1000 pixels. The molecular structure and microstructure of the sample were observed in a small-scale scanning area of 9 nm × 9 nm and 800 × 800 pixels. The original image data were transmitted to a computer, and 3D reconstruction was performed with G2DR software \[[@CR25]\]. Measurements were repeated thrice for each group.

The mobility of pDNA after binding with PEI-SPIO-NPs was analyzed by gel electrophoresis. The N/P ratios of PEI-SPIO-NPs/pDNA were 1/5, 1, 5, 10, 15, 20, 25, and 30, where the content of DNA was kept at 3 μg. After 15-min incubation at 37 °C, 10 μL of mixture solution was analyzed by 1% agarose gel electrophoresis (90 V, 30 min). Naked pDNA was used as a control.

The effects of PEI-SPIO-NPs on the protection of pDNA against DNase I were evaluated. PEI-SPIO-NPs/pDNA complexes at various N/P ratios and naked pDNA (3 μg) were incubated at 37 °C in a 5% CO~2~ sub-humid environment for 30 min with DNase I (4 U) in DNase/Mg^2+^ digestion buffer consisting of 50 mM Tris-HCl (pH= 7.6) and 10 mM MgCl~2~. DNase I was then inactivated by adding EDTA solution (pH= 8.0) until the final concentration was 2.5 mM. The sample was then incubated for 15 min at 65 °C, and 10 μL of 1 mg/mL sodium heparin was added to release the pDNA from PEI-SPIO-NPs/pDNA complexes \[[@CR26]\]. The integrity of pDNA was assessed by 1% agarose gel electrophoresis (90 V, 30 min).

Magnetic Field {#Sec6}
--------------

The novel magnetic field generator (Fig. [4](#Fig4){ref-type="fig"}) was developed by our group in collaboration with the Electrical Engineering College of Chongqing University \[[@CR20], [@CR21]\]. We used the 3D CAD image to show the magnet arrangement of the uniform magnetic field. The XOY plane distribution and 3D distribution of the magnetic field in the region of interest were displayed. The distribution of PEI-SPION-NPs in different magnetic fields was observed, and a non-uniform magnetic field (96-well Nd-Fe-B permanent plate) was used as a control.

Cell Culture {#Sec7}
------------

Human osteosarcoma cell line MG-63 (originally from American Type Culture Collection) was obtained from Chongqing Engineering Research Center of Stem Cell Therapy (Chongqing, China). The cells were maintained in DMEM supplemented with 10% FBS, 100 U/mL penicillin, and 100 mg/mL streptomycin and incubated at 37 °C with 5% CO~2~ and 95% relative humidity.

In Vitro Cytotoxicity {#Sec8}
---------------------

The in vitro cytotoxic effects of different nanoparticles with or without pDNA and the magnetized or unmagnetized nanoparticles on the MG-63 osteosarcoma cells were determined using the CCK-8 test kit. The cells were seeded in 96-well culture plates at a density of 4 × 10^3^ cells per well, and different nanoparticles were added and incubated for 24, 48, 72, and 96 h. CCK-8 solution (10% volume of the culture medium) was added to each well at preset time points, and cells were cultured for another 2 h. The optical density of the cells was assessed using a fluorescence microplate reader at a wavelength of 450 nm, with the absorbance value reflecting the high cell viability; the observation of high viability indicates that nanoparticles induce low cytotoxic effects. PolyMag-200/pDNA and PolyMag-200 were used as positive control. To study the toxicity effects of different magnetic fields on cells, we selected PEI-SPIO-NPs(without pDNA) as gene vectors, and the optical density of cells intervened with different magnetic fields at different time points was investigated.

Confocal Microscopy Analysis {#Sec9}
----------------------------

The uptake of PEI-SPIO-NPs/pDNA complexes or polyethylenimine nanoparticles (PEI-NPs) was observed by confocal laser scanning microscopy. MG-63 osteosarcoma cells were seeded in 24-mm glass dishes at a density of 3 × 10^5^ per well. Rhodamine B isothiocyanate (RBITC)-labeled PEI-SPIO-NPs/pDNA (3 μg) complexes were added to the cells and incubated for 30 min under the action of uniform magnetic field or non-uniform magnetic field; RBITC-labeled PEI-NPs/pDNA complexes were added to the cells without the intervention of a magnetic field. The cells were then immediately washed twice with PBS (0.01 M) to remove any free RBITC-labeled PEI-SPIO-NPs/pDNA complexes or RBITC-labeled PEI-NPs/pDNA complexes, and the treated cells were incubated for 6--24 h. The medium was removed 6, 12, and 24 h post-transfection, and cell nuclei were stained with Hoechst 33342 for 5  min. After removal of the Hoechst 33342 residue, the cells were incubated in pre-warmed medium containing 0.5 mM LysoTracker Green DND-26 for 1 h and then washed twice with pre-warmed PBS. The cells were imaged under a confocal laser scanning microscopy (LSM 700, Carl Zeiss, Oberkochen, Germany) with a × 40 objective to visualize the fluorochromes with the following excitation (Ex) and emission (Em) wavelengths \[GFP (Ex: 488 nm; Em: 530 nm), Hoechst (Ex: 350 nm; Em: 460 nm), LysoTracker Green (Ex: 443 nm; Em: 505 nm), and RBITC (Ex: 554 nm; Em: 576 nm)\] \[[@CR27]\].

Flow Cytometry Analysis {#Sec10}
-----------------------

MG-63 cells were seeded in 12-well plates (1 × 10^5^ cells per well) for 24 h, after which they were rinsed with PBS twice and pre-incubated for 1 h with 0.8 mL Opti-MEM medium at 37 °C prior to transfection. The PEI-SPIO-NPs/pDNA complexes (N/P = 10) or PEI-NPs/pDNA complexes (N/P = 10) containing 3 μg pDNA were added to each well, and the cell culture plates were placed in the uniform or non-uniform magnetic field for 20 min. PolyMag-200/pDNA was used as positive controls. After 4 h, the cells were rinsed three times with 1 mL PBS (0.01 M) to remove any free PEI-SPIO-NPs/pDNA complexes or PEI-NPs/pDNA complexes, and the cells were cultured for another 24 h. After incubation, the cells were collected and evaluated for transfection efficiency by flow cytometry (BD FACS Canto II, BD Biosciences, San Jose, CA, USA), this part of the experiment was repeated three times.

Statistical Analysis {#Sec11}
--------------------

Quantitative data were obtained in triplicate (*n* = 5) and expressed as the mean ± standard deviation. Statistical analyses were performed using one-way ANOVA for multiple comparisons and the Student's *t* test for intergroup comparison. A *P* value \< 0.05 was considered statistically significant.

Results and Discussion {#Sec12}
======================

Principle of Magnetofection {#Sec13}
---------------------------

Magnetofection is defined as vectors that are associated with superparamagnetic nanoparticles and that accumulate on the target cells by the application of magnetic gradient fields \[[@CR15]\]. Figure [1](#Fig1){ref-type="fig"} presents the components and morphology of PEI-SPIO-NPs/pDNA complexes and the primary principle of magnetofection. Slow vector accumulation and consequently low vector concentration in target tissues have been identified as simple but strong barriers to effective gene delivery \[[@CR28]\]. The major efficacy-enhancing mechanism of magnetofection appears to be the rapid sedimentation of the full vector dose on the target cells, such that up to 100% of these cells will have vector particles bound to their surfaces within a few minutes. Thus, magnetofection is an appropriate tool with which to overcome the strong barrier of slow vector accumulation and, consequently, low vector concentration at target tissues. PEI-SPIO-NPs/pDNA complexes randomly, and is limitedly and time-consuming in its deposition in the targeted cells in the absence of a magnetic field. Nevertheless, PEI-SPIO-NPs/pDNA complex can broadly and uniformly touch the targeted cells in a relatively short period of time in the presence of a magnetic field, which may increase the chance of endocytic uptake in unit area of cells, so as to improve the utilization rate of PEI-SPIO-NPs/pDNA complex and enhance the transfection efficiency.Fig. 1Overview of magnetofection using PEI-SPIO-NPs/pDNA complex. Lined polyethyleneimine (LPEI) and superparamagnetic iron oxide nanoparticles (SPIO-NPs) are associated by the reaction of dehydration condensation. For this purpose, SPIO-NPs were coated with LPEI, i.e., the LPEI is tightly bound to the surface of SPIO-NPs and they form PEI-SPIO-NPs together. If PEI-SPIO-NPs are mixed with naked pDNA, negatively charged pDNA binds to positively charged PEI-SPIO-NPs via electrostatic adsorption. Cells are incubated with the PEI-SPIO-NPs/pDNA complexes in the presence of a magnetic field which attracts the complexes toward the cells. The result of magnetofection is that essentially all cells come into contact with vectors and a high percentage of cells are rapidly transfected

Characterization of PEI-SPIO-NPs/pDNA Complexes {#Sec14}
-----------------------------------------------

Figure [2](#Fig2){ref-type="fig"}a shows that the PEI-SPIO-NPs are roughly spherical and PEI-SPIO-NPs/pDNA complexes appear aggregated, both having favorable dispersibility, and the attraction between positive and negative charges renders PEI-SPIO-NPs/pDNA complexes able to acquire a small size. The hysteresis loop of PEI-SPIO-NPs/pDNA complexes is shown in Fig. [2](#Fig2){ref-type="fig"}b. The weight percent of iron oxide in PEI-SPION-NPs measured by an atomic absorption spectrometer is 20.33(± 2.87) %. The saturation magnetization of the PEI-SPIO-NPs/pDNA complexes was 21.5 (± 1.6) emu/g of iron. Despite the reduced magnetic properties compared to that of the unmodified superparamagnetic iron oxide nanoparticles, PEI-SPIO-NPs/pDNA complexes exhibited excellent magnetic responsiveness, which is necessary for high efficiency magnetofection.Fig. 2Characteristics of PEI-SPIO-NPs/pDNA complexes. **a** TEM of PEI-SPIO-NPs and PEI-SPIO-NPs/pDNA complexes. **b** Hysteresis loops of SPIO-NPs and PEI-SPIO-NPs/pDNA complexes. **c** Zeta potential and hydrodynamic diameter of PEI-SPIO-NPs/pDNA complexes at various N/P ratios. **d** AFM grayscale image and the molecular structure of the PEI-SPIO-NPs/pDNA complexes. Red dots represent the location of the SPIO chemical group, the green dots indicate nitrogen atoms, yellow dots signify carbon atoms and the phosphorus atom is represented by a white circle black dot. **e** (a) Size distribution of PEI-SPIO-NPs/pDNA complexes and **e** (b) zeta potential of PEI-SPIO-NPs/pDNA complexes as measured by a Malvern Zetasizer dynamic light scattering instrument. Results are expressed as the mean ± SD (*n* = 5)

Hydrodynamic diameter and zeta potential were regarded as the indispensable parameters of gene carriers. Figure [2](#Fig2){ref-type="fig"}c shows that the hydrodynamic diameter of PEI-SPIO-NPs/pDNA complexes was 200 (± 21.7) nm with an N/P ratio (NH~2~---group in PEI / PO~4~---group in pDNA) of 2.5, and 175 (± 16.4) nm when N/P ratio was 5, indicating that the rapid change in size occurred during transition of the potential from negative to positive. Thereafter, the repulsive forces between the PEI-SPIO-NPs/pDNA complexes increased with higher N/P ratios, indicating that the size of nanoparticles had increased.

We analyzed the types of chemical bonds according to the arrangement of atoms, and further speculated on the molecular structure of PEI-SPIO-NPs/pDNA complexes. The molecular structure of PEI-SPIO-NPs/pDNA complexes was indirectly disclosed by atomic force microscopy (AFM, Fig. [2](#Fig2){ref-type="fig"}d), which showed that the carboxyl groups of superparamagnetic iron oxide nanoparticles combined with the primary amine of PEI by the amide bond. In addition, the pDNA was wrapped in a PEI molecular chain via electrostatic binding between the phosphate groups of the nucleotide chain and the amine groups of PEI, forming PEI-SPIO-NPs/pDNA complexes. In the AFM gray-scale image, the red dot represents the location of the iron atoms, the green dot indicates nitrogen atoms, the yellow dots signify carbon atoms, and the phosphorus atom is represented by a white circle with a black dot.

As shown in Fig. [2](#Fig2){ref-type="fig"}e, the potential of PEI-SPIO-NPs/pDNA complexes was detected using the dynamic light scattering instrument. At pH = 7, the potential of the superparamagnetic iron oxide nanoparticles (SPIO-NPs) was − 6.6 (± 1.1) mV, which indicated the presence of carboxylic groups at their surface. The potential of PEI-SPIO-NPs was + 18.2 (± 1.5) mV. The potential of PEI modified with SPIO-NPs was transformed into a positively charged surface, which could be used as a gene carrier that combine with negatively charged pDNA. We evaluated the change in surface charges of PEI-SPIO-NPs/pDNA complexes at different N/P ratios. The PEI-SPIO-NPs/pDNA complexes showed a negative surface charge even at a low N/P ratio of 2.5, which gradually translated into a positive surface charge as the N/P ratio increased to 5. This increase in N/P ratios in PEI-SPIO-NPs/pDNA complexes resulted in an increase in the positive surface charge of polyplexes. At an N/P ratio of 10, the potential of PEI-SPIO-NPs/pDNA complexes (N/P = 10) was + 11.9 (± 1.2) mV, and the surface charge reached a plateau. The positively charged complexes came in contact with the negatively charged cell membrane and enabled cellular uptake of the complexed nanoparticles \[[@CR29]\]. PEI-SPIO-NPs can not only be used as gene carriers of negatively charged pDNA but also contribute a certain level of magnetism for targeted drug delivery, and become the contrast agent used for magnetic resonance imaging (MRI) contrast imaging \[[@CR30], [@CR31]\].

A fundamental requirement of gene carriers is that the transfection carrier must efficiently form a stable complex with nucleic acids. To evaluate its binding ability, similar volumes of PEI-SPIO-NPs solution and pDNA solution were mixed at different N/P ratios and vortexed. A 10-μL aliquot of the mixture was then analyzed by agarose gel electrophoresis (Fig. [3](#Fig3){ref-type="fig"}a). In contrast to naked pDNA, the migration of the plasmid was completely blocked at an N/P ratio of 5, indicating that the PEI-SPIO-NPs fully concentrated the pDNA \[[@CR32]\].Fig. 3The pDNA binding assay and the pDNA protection assay of PEI-SPIO-NPs. **a** Agarose gel electrophoresis of PEI-SPIO-NPs/pDNA complexes at various N/P ratios. **b** Electrophoretic mobility analysis of PEI-SPIO-NPs/pDNA after DNase-I treatment. PEI-SPIO-NPs at various N/P ratios and pDNA (3 μg) were incubated at 37 °C in a 5% CO~2~ sub-humid environment for 30 min with DNase-I (4 U) in DNase/Mg^2+^ digestion buffer consisting of 50 mM Tris-HCl (pH = 7.6) and 10 mM MgCl~2~. DNase I was then inactivated by adding EDTA solution (pH = 8) until the final concentration was 2.5 mM. The sample was then incubated for 15 min at 65 °C, and 10 μL of 1 mg/mL sodium heparin was added to release pDNA from PEI-SPIO-NPs/pDNA. The integrity of pDNA was assessed by 1% agarose gel electrophoresis (90 V, 30 min)

Another feature of PEI-SPIO-NPs as potential gene carriers is that they could protect pDNA from degrading by nucleases, thereby favoring transfection. Figure [3](#Fig3){ref-type="fig"}b shows that naked pDNA is significantly degraded by DNase-I. The PEI-SPIO-NPs/pDNA complexes at a N/P mole ratio \< 5 were totally digested, whereas pDNA released from PEI-SPIO-NPs/pDNA complexes (N/P = 5:1) remained intact. The results of these DNase-I protection assays showed that the PEI-SPIO-NPs effectively protected pDNA from DNase-I digestion, thus implying its potential applications to gene therapy.

As shown above, when N/P was \< 5, PEI-SPIO-NPs could not protect pDNAs from nuclease degradation. The sizes of PEI-SPIO-NPs/pDNA complexes increased when N/P was \> 10, which was unsuitable for vector transport \[[@CR33], [@CR34]\]. The size of the PEI-SPIO-NPs/pDNA complexes was the smallest and exhibited stability at N/P = 5. Moreover, the zeta potential of the PEI-SPIO-NPs did not significantly increase when N/P \> 10. Therefore, to ensure the stability of PEI-SPIO-NPs/pDNA, an N/P ratio of 10 was selected for the subsequent experiments.

Generation of a Magnetic Field {#Sec15}
------------------------------

The novel Halbach magnetic field generator (Fig. [4](#Fig4){ref-type="fig"}a, b) was developed by our group, in collaboration with the Electrical Engineering College of Chongqing University \[[@CR20], [@CR21]\]. The novel magnetic field generator is composed of nine identical cuboid permanent magnet modules and two passive shimming sheets (Fig. [4](#Fig4){ref-type="fig"}c), which generate a highly uniform magnetic field in the horizontal plane.Fig. 4The magnetic field generator and their magnetic field uniformity and PEI-SPIO-NPs distributed in the different magnetic field. **a** Measurement of magnetic field uniformity by Graussmeter. **b** Uniform magnetic field generator. **c** 3D image of magnet arrangement of uniform magnetic field generator (where each magnet has a size of 40 × 40 × 200 mm^3^). **d** 96-well magnetic field generator. **e** Magnetic field uniformity of 96-well magnetic field generator. **f** Magnetic field uniformity of uniform magnetic field generator. **g** Distribution of PEI-SPIO-NPs in 96-well magnetic field. **h** Distribution of PEI-SPIO-NPs in uniform magnetic field. **i** The XOY plane distribution of uniform magnetic field (50 mm × 50 mm) and **j** 3D distribution of uniform magnetic field

The optimizing magnet structure can generate a magnetic field that flatly distributes in the horizontal direction of the 50 mm × 50 mm area in the YOZ plane. The gradient is distributed in the vertical direction with a gradient of 2 mT/mm. The magnetic field is uniformly distributed in an XOY area of 50 mm × 50 mm with uniformity of 1.3 × 10^−3^ and a magnetic field of 0.0739 T, the magnetic strengths of coronal plane and sagittal planes where the cell-culturing plate was placed are respectively 0.0632 T and 0.07 T. The uniformity difference of each well in the 96-well cell culturing magnetic plate was approximately 80% (Fig. [4](#Fig4){ref-type="fig"}d, e). However, the uniformity difference of each well in the novel Halbach magnetic field is smaller than 2‰, so the uniformity difference between the two magnetic fields is \> 100-fold (Fig. [4](#Fig4){ref-type="fig"}f). In this case, we set a 96-well cell culturing magnetic plate as a non-uniform magnetic field, and the novel Halbach magnetic field is a relatively uniform magnetic field, which was used as an experimental tool for subsequent studies.

The distribution of PEI-SPIO-NPs was significantly affected by the magnetic field. PEI-SPIO-NPs sank gradually due to gravity and were randomly distributed in the absence of the magnetic field. Upon the application of a magnetic field, PEI-SPIO-NPs rapidly sank to the bottom of the plates. Furthermore, the distribution could also be significantly changed in different magnetic fields. In the conventional non-uniform magnetic field (96-well cell culturing magnetic plate), PEI-SPIO-NPs were gathered into masses or bands and distributed along with the lines of magnetic force (Fig. [4](#Fig4){ref-type="fig"}g). However, the PEI-SPIO-NPs were uniformly distributed in the uniform magnetic field that was induced by the novel magnetic field generator (Fig. [4](#Fig4){ref-type="fig"}h). As can be seen from the XOY plane distribution and 3D distribution of the magnetic field (Fig. [4](#Fig4){ref-type="fig"}i, j), the red area in the figure is a relatively uniform magnetic field, with the uniformity of about two thousandths (*Z* = 10 mm), and it can be seen that the gradient of the magnetic field in the target region is about 1.3 t/m (130 G/cm). The magnetic field generated in the designated area could obtain a good flat property in the horizontal direction by adjusting the arrangement of the magnet module and changing the magnetization direction of the magnet module.

Assessment of In Vitro Cytotoxicity {#Sec16}
-----------------------------------

We used CCK-8 kits to evaluate the effects of magnetization, magnetic field, and pDNA on the cytotoxicity of nanoparticles. Figure [5](#Fig5){ref-type="fig"}a shows that with the prolongation of culture time, the absorbance values increased in all the groups except for the PolyMag-200/pDNA groups. The absorbance values of PEI-SPIO-NPs/pDNA group were higher than that of PEI-NPs/pDNA group and PolyMag-200/pDNA group (*P* \< 0.05) and lower than that of the control group (*P* \> 0.05), suggesting that the cytotoxicity of PEI-SPIO-NPs/pDNA complexes is lower than unmagnetized PEI-NPs/pDNA complexes and PolyMag-200/pDNA complexes. Figure [5](#Fig5){ref-type="fig"}b shows the negative effects on the absorbance values caused by the uniform and non-uniform magnetic fields. The negative effect caused by the uniform magnetic field was smaller than that caused by the non-uniform magnetic field (*P* \< 0.05). As shown in Fig. [5](#Fig5){ref-type="fig"}c, the absorbance values of nanoparticles without pDNA is significantly lower than that of nanoparticles with pDNA (*P* \< 0.05), which meant nanoparticles added with pDNA have low cytotoxicity effect to Mg-63 osteoblasts.Fig. 5Comparison of cytotoxicity effects of the uniform magnetic field and non-uniform magnetic field, PEI-SPIO-NPs/pDNA complexes, PolyMag-200/pDNA complexes and PEI-NPs/pDNA complexes, and different nanoparticles with pDNA and without pDNA on MG-63 osteoblasts. Cytotoxicity is detected by the CCK-8 test kit, the absorbance was measured at a wavelength of 450 nm, which reflects the cell viability, and the high viability is indicative of the low cytotoxicity. The results are expressed as the mean ± SD (*n* = 5, one-way ANOVA, \**P* \< 0.05, \*\**P* \< 0.01). **a** The cytotoxicity effects of PEI-SPIO-NPs/pDNA complexes, PolyMag-200/pDNA complexes and PEI-NPs/pDNA complexes on MG-63 osteoblasts. **b** The cytotoxicity effects of the uniform magnetic field and non-uniform magnetic field on MG-63 osteoblasts and **c** the cytotoxicity effects of different nanoparticles with pDNA and without pDNA

Although PEI is an efficient transfection reagent, its cytotoxicity is strongly and positively correlated with its transfection efficiency and the mechanism of cytotoxicity caused by PEI is not very clear \[[@CR35]\]. The present study found that during transfection, PEI increases the permeability of the cell membrane and damages the integrity of the mitochondrial and nuclear membranes \[[@CR36], [@CR37]\]. Sonawane et al. \[[@CR38]\] reported that PEI25K promotes the release of mitochondrial protons and inhibits the electron transport chain in a dose- and time-dependent manner, indicating that PEI induces cell apoptosis. Another study showed that PEI induces cell autophagy, which is closely related to cytotoxicity \[[@CR39]\]. The cytotoxicity of magnetized PEI decreased, and this might be attributable to the surface carboxyl groups of superparamagnetic iron oxide nanoparticles, which are negatively charged, thus partly neutralizing the positive charge of the PEIs and decreasing the chances of incurring irreversible damage. The non-uniform magnetic field induced PEI-SPIO-NPs/pDNA complexes to gather into masses or bands, and be distributed along with the lines of magnetic force (Fig. [4](#Fig4){ref-type="fig"}b), thereby causing severe damage to parts of the cell membrane and even cell death due to the excessively high number of positive charges \[[@CR40]\]. In contrast, PEI-SPIO-NPs/pDNA complexes were uniformly distributed across the uniform magnetic field, thereby decreasing the accumulation of positive charges and reducing the cytotoxicity.

Nanoparticles added with pDNA have low cytotoxicity effect to Mg-63 osteoblasts than nanoparticles without pDNA; this may be attributed to the negatively charged pDNA partially neutralize the surface positive potential of the cationic nanoparticles at the beginning of magnetofection progress. Moghimi SM et al. concluded that PEI-induced cellular toxicity could been defined as a two-stage process, with the first stage taking place within 30 min of PEI uptake \[[@CR41]\]. Stage-one toxicity has been defined as necrosis that is based on compromise of cell membrane integrity mediated by PEI binding to negatively charged plasma membrane proteoglycans, with highly cationic NPs being extremely cytotoxic \[[@CR42]\]. After internalized by MG-63 osteoblast, different nanoparticles exhibits similar cytotoxic mechanisms, internalization leads to proton buffering, osmotic pressure, and eventual lysis of lysosomal membranes, releasing hydrolytic enzymes and other lysosomal constituents into the cytoplasm \[[@CR43]\].

Cellular Uptake of PEI-SPIO-NPs/pDNA Complexes {#Sec17}
----------------------------------------------

To better understand the intracellular distribution of PEI-SPIO-NPs/pDNA complexes or PEI-NPs/pDNA complexes and the relationship between intracellular uptake of complexes and transfection efficiency, a laser scanning confocal microscope was used to trace the magnetized RBITC-PEI-SPIO-NPs/pDNA complexes and non-magnetized RBITC-PEI-NPs/pDNA complexes during transfection of MG-63 cells. LysoTracker Green D26 is a specific marker for lysosomes, and Hoechst 33342 specifically stains nuclei. Overlapping green and red fluorescence, which yields yellow fluorescence, represents colocalization and indicates entrapment of polyplexes in lysosome.

Figure [6](#Fig6){ref-type="fig"} shows that extensive co-localization was observed at 6 h post-transfection, which indicates that most of the complexes were entrapped in endosomes. The RBITC-PEI-SPIO-NPs/pDNA + uniform magnetic field group showed a higher frequency of co-localization than the RBITC-PEI-SPIO-NPs/pDNA + non-uniform magnetic field group and the RBITC-PEI-NPs/pDNA group (arrow). At 12 h post-transfection, most of the red fluorescence had already translocated from the green fluorescence of lysosomes to the surrounding blue fluorescence of nuclei, and some green fluorescence of gene expression was visible in the cytoplasm, which indicated that most complexes escaped the endosomes via the proton sponge effect \[[@CR44], [@CR45]\] (arrow). The fluorescent signals of the RBITC-PEI-SPIO-NPs/pDNA + uniform magnetic field group were more distinct than those of the RBITC-SPIO-PEI-NPs/pDNA + non-uniform magnetic field group and the RBITC-PEI-NPs/pDNA group. It was interesting that the cytoplasm emitted green fluorescence in the RBITC-PEI-SPIO-NPs/pDNA + uniform magnetic field group, which indicated expression of GFP, thereby illustrating the proton sponge effect that facilitates gene expression. At 12 h post-transfection, some nuclei emitted red fluorescence in the RBITC-PEI-SPIO-NPs/pDNA + uniform magnetic field group, indicating that complexes had been transported into nuclei, which may be attributable to the mechanical effect of magnetofection (arrow). At 24 h post-transfection, the green fluorescence in the cytoplasm showed maximal levels, the RBITC-PEI-SPIO-NPs/pDNA + uniform magnetic field group showed more intense green fluorescence than the RBITC-PEI-SPIO-NPs/pDNA + non-uniform magnetic field and the PBITC-PEI-NPs group (arrow). The affiliated magnetic field enabled the magnetic nanoparticles to attach rapidly to the cell membrane and accelerate intracellular uptake of magnetic nanoparticles. By contrast, up to 100% of these cells will have vector particles bound to their surfaces within a few minutes in the presence of the novel uniform magnetic field; more vectors adherence leads to a greater probability of cellular uptake, and transfection efficiency is positively correlated with uptake capability \[[@CR46]\].Fig. 6Intracellular tracking of PEI-SPIO-NPs/pDNA complexes in the presence of uniform magnetic field (uniform MF) or non-uniform magnetic field (non-uniform MF) and PEI-NPs/pDNA complexes without magnetic field (No MF) at 6, 12, and 24 h post-transfection to MG-63 osteoblasts. Confocal images were obtained from three channels and overlaid: red indicates RBITC-PEI-SPIO-NPs/pDNA complexes (excitation: 554 nm; emission: 576 nm), green represents lysosomes stained with Lysotracker-DND26 and the homogeneous green in the cytoplasm implies GFP expression (excitation: 443 nm; emission: 505 nm), blue signifies the nuclei stained by the Hochest 33342. (excitation: 359 nm; emission: 461 nm)

In Vitro Transfection {#Sec18}
---------------------

Because PEI-SPIO-NPs are endowed with promising attributes such as pDNA condensation ability and high cell viability, we next used it as a gene carrier to determine the role of novel uniform and non-uniform magnetic fields on transfection efficiency. To evaluate the effectiveness of magnetofection, we selected the MG-63 osteosarcoma cell line as target cells and used GFP-pDNA as the reporter gene.

GFP expression was observed by inverted fluorescence microscopy at 24 h post-transfection. Figure [7](#Fig7){ref-type="fig"}a shows that the PEI-SPIO-NPs/pDNA group yielded significantly higher transfection efficiencies than the PEI-NPs/pDNA group in the presence of the uniform or non-uniform magnetic field, which is obvious in the uniform magnetic field group (*P* \< 0.05), the transfection efficiency of the uniform magnetic field group was 42.1%, which is roughly two times higher than that of the non-uniform magnetic field group. Although PolyMag-200/pDNA showed high transfection efficiency and has been confirmed to transfect most adherent cell lines, it is also highly cytotoxic. The cells were collected for flow cytometry at 48 h post-transfection (Fig. [7](#Fig7){ref-type="fig"}b), and the statistical analysis results were in agreement with the findings from fluorescence microscopy (Fig. [7](#Fig7){ref-type="fig"}c).Fig. 7MG-63 osteoblasts transfected with PEI-SPIO-NPs/pDNA or PEI-NPs/pDNA under the condition of no magnetic field, non-uniform magnetic field, or uniform magnetic field. GFP-pDNA was used for reporter gene in combination with PEI-NPs or PEI-SPIO-NPs (N/*P* = 10), and the cells were exposed to the non-uniform or uniform magnetic fields for 20 min. At 24-h post-transfection, cell images were captured under an inverted fluorescent microscope. PolyMag-200 comprise commercial magnetic transfection reagents that were used as positive control, naked pDNA was used as the negative control. **a** At × 40 magnification in an inverted fluorescent microscope. **b** Transfection efficiency was calculated by flow cytometer and **c** statistical analysis of the transfection efficiency of PEI-SPIO-NPs/pDNA group, PolyMag-200/pDNA group and PEI-NPs/pDNA group. The results are expressed as the mean ± SD (*n* = 5, one-way ANOVA, \**P* \< 0.05, \*\**P* \< 0.01)

The mechanism underlying the increase in transfection efficiency by magnetofection is currently unclear. Previous studies have demonstrated that magnetofection does not involve magnetic nanoparticles being pulled directly into the cells by the magnetic field, magnetic nanoparticles enter cells via endocytosis and remain intact upon cellular uptake \[[@CR47]\]. The observed significant increase in transfection efficiency may be due to the synergistic effect of accelerated sedimentation and fast internalization \[[@CR48], [@CR49]\]. The number of magnetic complexes that enter each cell apparently influences pDNA content. Although genes must still escape endosomes before transcription, transfection efficiency is positively correlated with uptake capability \[[@CR50]\], branched PEIs showed a higher uptake rate. However, once inside the cell, lysosomal escape becomes the key to transfection, especially with higher N/P ratios, and linear PEIs showed higher rates of lysosomal escape \[[@CR51]--[@CR53]\]. Because of the magnetic force, PEI-SPIO-NPs can quickly come in close contact with cell membranes, which to some extent, increases the uptake capability of complexes. Once the complexes are inside the cell, PEIs provide a structural advantage and facilitate timely release of pDNA, which is eventually expressed by the cells.

Conclusions {#Sec19}
===========

The novel magnetic field generator has been developed to induced a uniform magnetic field, in which the PEI-SPIO-NPs/pDNA complexes are rapidly and uniformly distributed on the surface of MG-63 osteoblasts, thereby averting local transfection and decreasing disruption of the membrane caused by centralization of positively charged PEI-SPIO-NPs/pDNA complexes, ultimately resulting in an increase in the effective coverage of the magnetic gene carriers during transfection, and improving magnetofection efficiency. This innovative uniform magnetic field could be used to determine the optimal amount of PEI-SPIO-NPs and pDNA, and screen for the optimal formulation design of a magnetic gene carrier under homogeneous conditions. Most importantly, the novel uniform magnetic field facilitates the transfection of PEI-SPIO-NPs/pDNA complexes into osteoblasts, which provides a novel approach for the targeted delivery of therapeutic genes to osteosarcoma tissues and serves as a reference for the treatment of other tumors. However, a series of comprehensive studies are warranted to establish the therapeutic potential of PEI-SPIO-NPs that are integrated into a novel uniform magnetic field in combating osteosarcoma.
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